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The oxygen permeability coefficient across the membrane made of the total lipid extract from the plasma membrane of calf lens was estimated
from the profile of the oxygen transport parameter (local oxygen diffusion-concentration product) and compared with those estimated for membranes
made of an equimolar 1-palmitoyl-2-oleoylphosphatidylcholine/cholesterol (POPC/Chol) mixture and of pure POPC. Profiles of the oxygen
transport parameter were obtained by observing the collision of molecular oxygen with nitroxide radical spin labels placed at different depths in the
membrane using the saturation-recovery EPR technique and were published by us earlier (J. Widomska, M. Raguz, J. Dillon, E. R. Gaillard, W. K.
Subczynski, Biochim. Biophys. Acta. 1768 (2007) 1454–1465). At 35 °C, the estimated oxygen permeability coefficients were 51.3, 49.7, and
157.4 cm/s for lens lipid, POPC/Chol, and POPC membranes, respectively (compared with 53.3 cm/s for a water layer with the same thickness as a
membrane). Membrane permeability significantly decreases at lower temperatures. In the lens lipid membrane, resistance to the oxygen transport is
located in and near the polar headgroup region of the membrane to the depth of the ninth carbon, which is approximately where the steroid-ring
structure of cholesterol reaches into the membrane. In the central region of the membrane, oxygen transport is enhanced, significantly exceeding that
in bulk water. It is concluded that the high level of cholesterol in lens lipids is responsible for these unique membrane properties.
© 2007 Elsevier B.V. All rights reserved.Keywords: Oxygen permeation; Lens lipids; Lipid bilayer; Cholesterol; Hydrophobic barrier; Membrane rigidity; EPR1. Introduction
One of the most fundamental properties of biological mem-
branes is that they are barriers to the permeation of polar mole-
cules. This is largely due to the hydrophobicity of the membrane
interior. However, this barrier property cannot be automatically
extended to the permeation of small solutes such as oxygen, even
though some experimental data suggest this to be true [1–7]. The
overall conclusion from recent studies of oxygen transport
across model and cell plasma membranes is that membranes are
not barriers to oxygen transport into the cell and mitochondrion,
and created oxygen concentration differences across these
membranes at physiological conditions are negligible (see
Review [8] and references therein). Only in membranes that
contain a high cholesterol concentration and are dense with
integral membrane proteins are lipids packed so closely that the
solubility and diffusion of oxygen are severely reduced [9–12].⁎ Corresponding author. Tel.: +1 414 456 4038; fax: +1 414 456 6512.
E-mail address: subczyn@mcw.edu (W.K. Subczynski).
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doi:10.1016/j.bbamem.2007.06.018These features are characteristic of the fiber cell plasma
membrane of the eye lens, which shows extremely high choles-
terol content [13–19] and a high protein-to-lipid ratio [19–22].
These characteristics suggest that the fiber cell plasma mem-
brane can be a moderate barrier to oxygen transport. Addition-
ally, oxygen, on its way to the center of the lens, has to cross
thousands of fiber cell plasma membranes; even a very small
oxygen concentration difference across one membrane can, as a
result, significantly contribute to the oxygen concentration
gradient across the eye lens.
To prevent excessive light scattering and compromised lens
transparency, fiber cells lose all subcellular organelles (including
mitochondria) during maturation. In fact, the plasma membrane
becomes essentially the only supramolecular structure of the
matured fiber cells [23]. The plasma membrane of the fiber cell
has unique biochemical characteristics, with an extremely high
cholesterol level [13,14,18] and a high sphingomyelin content
[15,16,19], but only traces of polyunsaturated fatty acids
[24,25]. This composition ensures a physical (rigidity [26,27])
and a chemical (resistance to peroxidation [28]) membrane
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membrane can be a moderate barrier to oxygen transport.
New fiber cells are continuously produced from the epithelial
monolayer, and, as a result the adult lens contains two kinds of
fiber cells: those located in the lens core, which are maturate and
do not contain organelles, and those located in the lens outer
layers, which are not yet maturate and contain organelles
(including mitochondria). Mitochondrial respiration accounts
for approximately 90% of oxygen consumption by the lens [29],
which suggests that the outer layers of the fiber cells can be
responsible for low oxygen concentration in the lens nucleus.
It is important to note that oxygen concentration in the lens is
very low, reaching a value close to zero in the lens core [30,31]. It
also has to be mentioned that already at the lens surface the
oxygen concentration is low; values of oxygen partial pressure
from 2 to 3 mm Hg to 38 mm Hg are reported in several
vertebrate species [32–38]. An increase in oxygen concentration
is thought to be responsible for cataract formation following
hyperbaric oxygen treatment or vitrectomy [39–42]. Thus, the
knowledge of oxygen concentration and distribution within the
lens is of considerable interest. Few polarographic and optode
measurements report oxygen partial pressure from 1 mm Hg in
the cat lens posterior cortex and nucleus [43] to 10–22mmHg in
the rabbit lens [37] and 0.8–4.0 mm Hg in the human anterior
cortex [44]. These data indicate that to protect against age-
related nuclear cataract formation, oxygen concentration in the
lens has to be maintained at a very low level.
Because oxygen is constantly consumed, and oxygen con-
sumption reactions are located inside the eye lens [29], it follows
that there must be a gradient in oxygen concentration across the
fiber cell layers that build the eye lens. Oxygen consumption is
necessary to maintain the low oxygen concentration inside the
eye lens; otherwise, the concentration of oxygen should be equal
to that outside the lens. The value of the oxygen concentration
difference across each fiber cell layer is determined by the rate of
oxygen consumption by cells confined inside this concentric
fiber cell layer and the oxygen permeability coefficient of the
cell layer, which is the sum of the permeability coefficient across
a cytoplasm and across two plasma membranes. Profiles of the
oxygen partial pressure across the isolated bovine lens were
reported in an excellent paper by McNulty et al. [29]. They
assume, based on the value of the oxygen diffusion coefficient in
plasma membrane from erythrocytes [45], that oxygen crosses
cell membranes readily, and that membranes provide essentially
no resistance to the diffusion of oxygen, as the membranes are
very thin barriers. We would like to contribute to this discussion
by providing the values of the oxygen permeability coefficient
across the membrane made of the total lipid extract from the
plasma membrane of calf (bovine) lens and by evaluating the
possible contribution of the fiber cell plasma membrane to the
created gradients of oxygen concentration across the eye lens
and to the process of maintaining the oxygen concentration in the
eye nucleus at a very low level.
The oxygen permeability coefficient across the membrane
can, in principle, be measured directly using stop-flow rapid-
mixing apparatus to create an oxygen concentration difference
across the membrane. These studies have been criticized becausethe presence of a thick (∼2 μm), unmixed water layer on the
membrane surface prevents immediate contact of the oxyge-
nated solution with the membrane [46–48]. In other studies, the
oxygen permeability coefficient was calculated using the
average (single) value of the oxygen diffusion coefficient and
the average (single) value of the oxygen membrane concentra-
tion [45,49,50]. It was customary to assume that oxygen
dissolves and diffuses in the lipid bilayer in a similar way as in
bulk hydrocarbon solvents. For example, the value of oxygen
concentration in olive oil obtained by Battino et al. [51] was used
to evaluate oxygen transport within and across the lipid bilayer.
Similarly, in the oxygen diffusion-consumption model, which
describes the profile of the oxygen concentration across the
bovine eye lens [29], the average (single) value of the oxygen
diffusion coefficient in membranes was used. Direct support for
these assumptions, however, is lacking. Moreover, a number of
reports have indicated that the oxygen diffusion-concentration
product changes significantly from the membrane surface to the
membrane center [9–11,52–57]. Subczynski et al. [9] developed
the method for the calculation of the oxygen permeability
coefficients across the membrane based on the profiles of the
oxygen transport parameter (oxygen diffusion-concentration
product) across the lipid bilayer, which can be obtained for
membranes equilibrated with nitrogen and an air/nitrogen
mixture without the need for creating fast-decaying oxygen
concentration gradients. Our earlier papers [9–11,58] give a
solid base for this procedure.
In the present studies, we use our published earlier data of
oxygen transport parameters in the lipid bilayer membrane made
of the total lipid extract from the calf lens fiber cells [27] to
evaluate the oxygen permeability coefficient across this
membrane. To elucidate better the major factors that determine
membrane resistance to oxygen transport within and across the
lens lipid membrane, we compared results obtained for this
membrane with those obtained for membranes made of the
equimolar 1-palmitoyl-2-oleoylphosphatidylcholine/cholesterol
(POPC/Chol) mixture and of the pure POPC. The spin label
oximetry measurement splits the lipid bilayer membrane into
three well-distinguished regions with different permeability
properties. Additionally, the comparisons of the regional
membrane oxygen permeability coefficients with that of water
indicate which region forms a barrier or a pathway (“hydro-
phobic channels”) for oxygen transport This paper also
establishes a methodological base for further investigations of
oxygen transport into the human eye lens.
2. Materials and methods
2.1. Calculation of the membrane oxygen permeability coefficient
Bimolecular collision of molecular oxygen (a fast-relaxing species) and
the nitroxide (a slow-relaxing species) induces spin exchange, which leads to
a faster spin-lattice relaxation of the nitroxide. This effect is measured using
the saturation-recovery electron paramagnetic resonance (EPR) technique. An
oxygen transport parameter W(x) was introduced as a conventional quan-
titative measure of the collision rate between the spin label and molecular
oxygen [53]:
W ðxÞ ¼ T11 ðAir; xÞ  T11 ðN2; xÞ ð1Þ
Fig. 1. The manner of evaluation of the oxygen permeability coefficient across
the membrane and across the water layer of the same thickness as the membrane.
(A) W(x)−1 is plotted as a function of the distance from the center of the lens
lipid bilayer at 25 °C to show the method of integration for Eq. (4) (i.e.,
measuring the hatched area under the solid curve). The thickness of the
membrane was assumed to be the same as the thickness of the POPC/Chol=1/1
membrane and was evaluated as described in [9,10]. It is assumed that the
location of the alkyl chain carbon atom in the membrane change linearly with the
position on the alkyl chain [62,63]. We assume that nitroxide moieties in n-PC
and 9-SASL are located at the same depth as appropriate carbon atoms of the
2-chain of POPC. Broken lines show the maximal and minimal evaluations (see
paragraph 3.1 for more details). (B)W(water)−1 at 25 °C plotted for a water layer
of the same thickness as the membrane in order to illustrate the method of
integration for Eq. (5) (i.e., measuring the hatched area under the solid line). The
thicknesses of the hydrocarbon layer and of the polar headgroup region
(including the glycerol ester groups) were calculated for POPC at 0 and 50 mol%
cholesterol following procedure similar to that described by Cornell and
Separovic [64], from published membrane thickness data for membranes
without and with cholesterol [65], the surface area of the POPC in the bilayer
[66,67], and the average volume of the POPC molecule as well as CH2, CH3,
and CH_CH groups as given in Ref. [66]. Because cholesterol does not affect
the thickness of the polar headgroup region [68], its effect on the thickness of the
hydrocarbon layer could be estimated from data on the thickness of cholesterol-
containing membranes [63,65,69]. The same volumes were used for all
temperatures what is justified by the observation that well above the main phase
transition temperature the average volumes asymptotically approaches constant,
temperature- and chain-length-independent value [63,70,71]. The thickness of
POPC at 0 and 50 mol% cholesterol was estimated from membrane thickness of
EYPC [65,72].
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samples equilibrated with atmospheric air and nitrogen, respectively. Note that
W(x) is normalized to the sample equilibrated with the atmospheric air. W(x) is
proportional to the product of the local translational diffusion coefficient D(x)
and the local concentration C(x) of oxygen at a depth x in the membrane (which
is in equilibrium with the atmospheric air):
W ðxÞ ¼ ADðxÞCðxÞ; A ¼ 8ppr0; ð2Þ
where r0 is the interaction distance between oxygen and the nitroxide radical
spin-label (about 4.5 Å) [52] and p is the probability that an observable event
occurs when a collision does occur and is very close to 1 [59–61]. A is
remarkably independent of the solvent viscosity, hydrophobicity, temperature,
and spin label species [59–61]. The membrane profiles ofW(x) were constructed
on the basis of measurements with different lipid spin labels.
Knowledge of the profiles of the oxygen diffusion-concentration product
(oxygen transport parameter) makes it possible to calculate a significant
membrane characteristic, namely, the oxygen permeability coefficient across the
membrane, PM, which connects the oxygen flux, J, across the lipid bilayer with
the difference in oxygen concentration in water on either side of the bilayer
(C′W –C″W):
J ¼ PMðC Vw  CWwÞ ð3Þ
The method of calculation for PM is based on the procedure developed by
Subczynski et al. [9]. It is necessary to make an integration of (D(x)C(x))−1,
which is a measure of the resistance to oxygen permeation, across the entire
thickness, h, of the membrane. The product D(x)C(x) can be related to the
oxygen transport parameter through the Eq. (2) giving the final equation:
PM EPRð Þ ¼ 1ACWðairÞ
Z h
0
dx
W ðxÞ
 1
ð4Þ
Here, CW(air) is the oxygen concentration in water that is in equilibrium
with atmospheric air at the given temperature. PM(EPR) indicates that
measurements were performed using EPR technique.
The oxygen permeability coefficient across the water layer of the same
thickness as the membrane, PW, can also be obtained using the same EPR
technique by measuring the oxygen transport parameter in water, W(water), for
water soluble spin labels.
PW EPRð Þ ¼ 1ACwðairÞ
Z h
0
dx
W ðwaterÞ
 1
¼ 1
ACWðairÞ
h
W ðwaterÞ
 1
ð5Þ
The PM(EPR) values were evaluated with the integration performed based
on Fig. 1A, whereW(x)−1 is plotted as a function of distance from the membrane
center. The method to obtain PW(EPR) is illustrated in Fig. 1B. The ratio of PM
(EPR)/PW(EPR) is the ratio of these two integrals (dashed area in Fig. 1B/dashed
area in Fig. 1A).
PW can also be determined from the macroscopic oxygen diffusion
coefficient in bulk water, DW:
PWðbulk waterÞ ¼ DW=h ð6Þ
Using EPR measurements in membranes and water, we determined the ratio
PM(EPR)/PW(EPR), and using the value PW(bulk water) obtained from Eq. (6),
we arrived at a value for the oxygen permeability coefficient across the
membrane, PM.
PM ¼ PMðEPRÞPWðEPRÞPW bulk waterð Þ ð7Þ
By taking ratios of PM(EPR)/PW(EPR) as determined by the same EPR
method, the effect of uncertainty of pr0 (A in Eqs. (4) and (5)) can be reduced.
All calculations of the oxygen permeability coefficients across the
membrane were performed based on the profiles of the oxygen transport
parameter (oxygen diffusion-concentration product) across membranes made of
the total lipid extract from fiber cell plasma membranes of a calf eye lens (lipid
extracts from ca. 50 eye lenses were pooled together), the equimolar binary
mixture of 1-palmitoyl-2-oleoylphosphatidylcholine/cholesterol (POPC/Chol),and the pure POPC published by us earlier [27,57]. The details connected with
sample preparation, saturation-recovery EPR measurements, and processing
saturation-recovery data to obtain profiles of the oxygen transport parameter can
be found in [27].
In the medical literature, values of oxygen tension in different parts of the
body are reported. Oxygen tension is used mainly to describe oxygen
concentration in systems that are not in equilibrium with gas phase (and usually
not in equilibrium at all), like in the human and animal bodies. It describes the
local oxygen concentration and is equal to the partial pressure of oxygen (the
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local oxygen concentration. For simplicity, in our calculations and discussion, we
use values of oxygen concentration. Oxygen concentration, partial pressure of
oxygen, and oxygen tension are mutually related values that, in principle, can be
derived from one another. Oxygen concentration in the eye lens can be evaluated
from the measured values of oxygen partial pressure by assuming a comparable
solubility of oxygen in the lens to that in serum [73], pure water [74], or tumor
tissue [75]. For further discussion, see paragraph 2.4 in Ref. [8].
3. Results and discussion
3.1. Oxygen permeability across the lens lipid membrane
In Fig. 2,W(x)−1, which is a measure of resistance to oxygen
permeation, is plotted as a function of the distance from theFig. 2. W(x)−1, which is the measure of the resistance to oxygen permeation, is plotte
(B), and pure POPC membranes (C) to show the oxygen permeability barriers. The v
also indicated as a broken line. It does not change significantly with temperature b
solubility in water are opposite. Again, the oxygen transport parameter is the produ
equilibrium with air at a given temperature.membrane center in three investigated membranes. W(x) values
were taken from the profiles of the oxygen transport parameter
presented earlier (see Fig. 9 in Ref. [27] and Fig. 4 in Ref. [57]).
As was indicated in [27], all of the saturation-recovery curves
were successfully analyzed as single exponentials. When the
single exponential fit is satisfactory, the standard deviation for a
single fitting is usually better than ±1%, and the decay time
constant can be evaluated with an accuracy smaller than ±3%
from the mean value for independent experiments (for samples
prepared independently). Due to the lack of other data, we
assume that the thickness h of the lipid bilayer made of the total
lipid extract from the calf eye lens and the locations of nitroxide
moieties of the lipid spin labels are the same as those evaluated
for the equimolar POPC/Chol mixture. As was explained earlierd as a function of the distance from the center of the lens lipid (A), POPC/Chol
alue of theW(water)−1, the resistance to oxygen permeation in aqueous phase, is
ecause temperature dependences of oxygen translational diffusion and oxygen
ct of the oxygen concentration and oxygen diffusion coefficient for sample in
Fig. 3. Oxygen permeability coefficient across the lens lipid (•), POPC/Chol
(♦), and POPC membranes (▴) plotted as a function of temperature. For
comparison, the oxygen permeability coefficient across the water layer of the
same thickness as the membrane is also indicated as a broken line. PM values
were estimated with the accuracy ≤30% (see Section 3.1 for further
explanation).
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position of the calf eye lens membrane. For more details of the
evaluation of membrane thickness and nitroxide positions, see
the explanation in the caption for Fig. 1 and Refs. [9,10].
The oxygen permeability coefficients across the investigated
membranes, PM(EPR), were calculated from profiles of the
resistance to oxygen permeation presented in Fig. 2, with the
procedure explained in Section 2.1. (Eq. (4), with the integration
performed based on figures such as Fig. 1A). We evaluated the
contribution to the integral from the polar headgroup region by
assuming that W(x) through this region is the same as measured
with the lipid spin label tempocholine-1-palmitoyl-2-oleoylpho-
sphatidic acid ester (T-PC). It is unlikely that T-PC is monitoring
also the hydrophobic region near the membrane surface because
the collision of T-PC with the nitroxide at the C5 position cannot
be detected by electron-electron double EPR spectrometry [J. B.
Feix, unpublished observation]. Profiles across the hydrocarbon
region of the bilayer were obtained by connecting all available
points with the smooth line. We should mention here the
existence of vertical fluctuations of the nitroxide moiety of
stearic acid spin labels toward the polar surface of the lipid
bilayers [76–78]. From these studies, it can be presumed that
distributions of the vertical positions of the nitroxide moiety on
n-SASL (n-doxylstearic acid spin label) and n-PC (1-palmitoyl-
2-(n-doxylstearoyl)phosphatidylcholine) in the membrane exist,
with the mean value of each distribution shifting toward the
center as the quantum n increases. Positions of carbon atoms in
the alkyl chain were determined by neutron diffraction [62],
which showed that the mean positions of these carbons (or free
radical moieties attached to those carbons) can be defined with
accuracy ±1 Å, even in the liquid–crystalline state. Assuming a
Gaussian distribution of the labeled segments in the projection
on the bilayer normal, Zaccai et al. [62] report that the time-
averaged positional fluctuations increase from 1.5 Å for the C4
position to 3.4 Å for the C12 position. It can be concluded that a
nitroxide moiety stays at the position determined by neutron
diffraction for most of the time. Based on values of positional
fluctuations determined in [62], the upper and lower limit values
of PM(EPR) were also evaluated by assuming maximal
displacements of nitroxide positions toward the membrane
surface or toward the membrane center. Appropriate profiles that
take into consideration these displacements are presented in
Fig. 1A, showing that we are evaluating PM(EPR) with the
accuracy ±30%. Thus, the positional fluctuation of the nitroxide
is the major source of the uncertainty in evaluating PM(EPR).
This uncertainty is the most prevalent for rectangular oxygen
transport parameter profiles (for lens lipid and POPC/Chol
membranes), lesser so for bell-shaped profiles (for POPC
membranes), and negligible for flat profiles (as for the regional
membrane oxygen permeability, see also Section 3.4).
The manner of integration of the oxygen permeability
coefficient across a water layer of the same thickness as a
membrane (PW(EPR), Eq. (5)) is shown in Fig. 1B. The value of
PW(EPR) can be evaluated with an accuracy smaller than ±3%
(the major source of the error is the accuracy of evaluating the
oxygen transport parameter). The ratio of PM(EPR)/PW(EPR) is
the ratio of these two integrals. As previously noted, by using theratio of PM(EPR)/PW(EPR), the effect of uncertainty of A in
Eqs. (4) and (5) can be reduced. The final value of PM was
obtained by multiplying PM(EPR)/PW(EPR) by the oxygen
permeability value through the water layer, PW(bulk water), as
calculated from Eq. (6), using the bulk diffusion coefficients
presented in Ref. [79].
Oxygen permeability coefficients for all investigated mem-
branes are presented in Fig. 3 as a function of temperature. At all
temperatures (from 15 to 45 °C) the oxygen permeability
coefficient for the eye lens membrane is practically the same as
that for the membrane made of the equimolar POPC/Chol
mixture and significantly lower (by factors of 2–3) than that for
the membrane made of pure POPC. It confirms our earlier
statement [27] that the membrane made of the equimolar mixture
of POPC/Chol reflects not only the physical properties of the
lens lipid membrane but also its permeability properties.
When compared with the oxygen permeability coefficient
across a water layer of the same thickness as the membrane, the
oxygen permeability coefficient for the lens lipid membrane was
found to be smaller only at 15 and 25 °C (2.5 and 1.5 times,
respectively). However, this difference practically disappears at
35 °C and at 45 °C the oxygen permeability coefficient for lens
lipid membrane became slightly larger than that for a water layer
(Fig. 3). Nevertheless, at a temperature lower than 35 °C, the
lipid bilayer membrane made of the total lipid extract from the
eye lens provides a barrier to oxygen transport that is greater than
that of a water layer of the same thickness. As can be seen from
Fig. 3, this barrier is comparable to that provided by the simple
lipid bilayer made of the POPC/Chol mixture and is significantly
greater than that provided by the POPC bilayer (without
cholesterol).
We would like to indicate here the greater temperature
variations for PM than for PW (Fig. 3), which is consistent with
Fig. 4. Profiles of the oxygen transport parameter (A) and hydrophobicity
profiles (B) across the lens lipid membrane (•) are displayed to indicate that the
rigidity and hydrophobicity barriers in the lens lipid membrane are located in the
different membrane regions. Appropriate profiles across the pure POPC
membrane (○) are also added to indicate that the rigidity and hydrophobicity
barriers in the lens lipid membrane are created by the high cholesterol content in
this membrane. In (A)W(x) is plotted as a function of position in the lipid bilayer
(see [27] for more details). In (B), 2AZ (z component of the nitroxide hyperfine
interaction measured with the accuracy of ±0.3 G) is plotted as a function of
position in the lipid bilayer. Upward changes indicate an increase in
hydrophobicity. The AZ value in the membrane can be related to the local
dielectric constant in the membrane (which for brevity is termed “hydro-
phobicity”) by referring to Fig. 1 in Ref. [86]. The AZ value is also correlated
with the local concentration of water at a given depth in the membrane, although
it does not give an absolute concentration of water. See Ref. [86] for more
details.
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C(x) in Eq. (2) are constants, Eq. (4) becomes PM=DMKM/h,
where KM is the oxygen membrane/water partition coefficient.
We also have Eq. (6): PW=DW/h. Lieb and Stein [80] report that
DM exhibits greater temperature dependence than DW; both
values increase with temperature. In addition, KM for none-
lectrolytes and gases (including oxygen) increases with
temperature [81–85]. Because of these dependences, the
difference in oxygen permeation between water and membrane,
which is significant at a low temperature, becomes quickly less
significant with the increase of temperature. We would like to
mention here that our evaluations were made for simple lipid
bilayer membranes in which the effect of membrane integral
proteins was not included. We will return to these problems in
Section 4.
3.2. Location of the resistance to oxygen permeation
As shown in Fig. 2, in both the eye lens membrane and the
POPC/Chol membrane, a rather high permeability barrier for
oxygen transport is located in the polar headgroup region and in
the hydrocarbon region to the depth of the ninth carbon, which is
approximately where the rigid steroid-ring structure of choles-
terol reaches into the membrane [68]. The resistance to oxygen
permeation in this region is much higher than the resistance in
water phase indicated in Fig. 2 by the broken line. However,
resistance to oxygen permeation in the membrane center
decreases by factors of 3–5 and becomes much less than the
resistance to oxygen permeation in the water phase. In the lipid
bilayer made of pure POPC, the resistance to oxygen permeation
is less than that in the water phase at all locations in the
membrane. Surprisingly, the resistance to oxygen permeation in
the central region of all three investigated membranes is
practically the same and much less than that in water. These
data suggest that the high cholesterol content in lens lipid and
POPC/Chol membranes is responsible for their low oxygen
permeability coefficients by creating the high resistance to
oxygen permeation in and near the polar headgroup region.
Oxygen transport in the center of the bilayer is practically
unaffected by the presence of cholesterol (see profiles of the
resistance to oxygen permeation presented in Fig. 2 and profiles
of the oxygen transport parameter presented in [27, Fig. 9] and in
[60, Fig. 4]).
3.3. Rigidity and hydrophobicity barrier
The lipid bilayer represents the fundamental permeability
barrier to the passage of polar molecules into and out of a cell due
to its high hydrophobicity. Here we compared the profile of the
hydrophobic barrier with the profile of the oxygen transport
parameter, both obtained for the lens lipid membrane (Fig. 4). In
Fig. 4, we also included appropriate profiles obtained for a pure
POPC membrane. These detailed profiles may provide a basis
for understanding lens lipid membrane permeability for both
polar and non-polar molecules. These profiles were obtained
using a variety of lipid spin labels incorporated in the membrane
for probing at specific depth. Data for these lipid spin labels arethe averages for two lipid leaflets of the symmetrical bilayer. Our
smooth profiles resemble theoretical, sigmoidal polarity and
oxygen accessibility profiles, proposed earlier for each lipid
leaflet [56].
Permeability coefficients of small nonelectrolytes correlate
well with oil/water partition coefficients (Overton's rule [87]). In
discussing the mechanism by which small nonelectrolytes
permeate model and biological membranes, particular attention
has been directed toward (1) the location of the permeation
barrier in the lipid bilayer, and (2) the physical nature of the rate-
limiting barrier [58,80,88–91]. We have shown that the major
resistance to permeation of molecular oxygen across the lens
lipid membrane is located in the polar headgroup region and the
near-surface region in the hydrocarbon phase to the depth of the
ninth carbon. We have also shown that the rectangular hydro-
phobic barrier of the lens lipid membrane is located in the
Fig. 5. Oxygen permeability coefficient across the certain membrane region
(P'M(EPR)) relative to that across a water layer of the same thickness as the
membrane region (P'W(EPR)), i.e., P'M(EPR)/P'W(EPR), for lens lipids (•,○),
POPC/Chol (♦, ⋄), and pure POPC membranes (▴, ▵) is plotted as a function
of temperature. Both P'M(EPR) and P'W(EPR) were obtained by the EPR
method. Closed symbols (•, ♦, ▴) indicate the membrane region from the
membrane surface to the depth of the ninth carbon (measurements with T-PC, 5-,
7-PC, and 9-SASL), and open symbols (○,⋄,▵) indicate the membrane region
between the tenth carbons in each membrane leaflet (measurements with 10-,
12-, 14-, and 16-PC). P'M(EPR) values for lens lipids and POPC/Chol were
estimated with accuracies of≪30% while for POPC with the accuracy of b30%
(see Section 3.1 for more explanation).
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Fig. 4B). These results suggest that the locations of the
permeation barriers are different for polar and non-polar
molecules: for polar molecules, the major permeation resistance
is the hydrophobic barrier in the central part of the membrane;
while for non-polar molecules the permeation resistance is the
rigidity barrier near the membrane surface.
Fiber cell plasma membranes are known to contain a large
concentration of cholesterol. The present results suggest that
cholesterol has some functions specific to these membranes.
Since the layers of fiber cells in the eye lens separate the lens
interior from the external environment, the membrane barriers
must be very high to block nonspecific permeation of small
molecules across the membrane into the eye interior. Incorpora-
tion of cholesterol into the membrane serves this purpose well
because cholesterol simultaneously raises the hydrophobic
barrier for polar molecules and increases the rigidity barrier
for non-polar molecules. A level of hydrophobicity in the lens
lipid membrane center, which is comparable to that of hexane
and hexadecane (ε=2–3), should greatly increase activation
energy required for polar and ionic small molecules to pass
through the membrane. Thus, the rate-limiting step for
permeability of small polar molecules is likely to be the process
of crossing the hydrophobic barrier at the membrane center.
In the polar headgroup region and the near-surface region in
the hydrocarbon phase of the lens lipid membrane, oxygen
transport is suppressed to a level close to that of a gel-phase
membrane (see Fig. 4A and Refs. [9,92]). We showed
previously that the oxygen transport parameter strongly
depends on the rate of gauche-trans isomerization of lipid
alkyl chains [9–11,53]. A model for the mechanism of oxygen
transport in the membrane has been proposed in which
molecular oxygen enters transient small vacant pockets created
by gauche-trans isomerization of alkyl chains or by the
structural nonconformability of neighboring lipids (mismatch
in surface topography of molecules when two molecules are
placed side by side in the membrane), and oxygen molecules
jump from one pocket to an adjacent one or move along with the
movement of the pocket itself [10]. It follows that the alkyl
chains and sterol rings are well packed in the near surface
region, with few vacant pockets to allow entrance and move-
ment of even small molecules such as molecular oxygen, and/or
that gauche-trans isomerization in this region is as slow as in
the gel-phase membrane. Thus, the rate-limiting step for
permeation of small non-polar molecules, including molecular
oxygen, is likely to be the process of crossing the rigidity barrier
located close to the membrane surface.
3.4. Lens lipid membrane: barrier or pathway for oxygen
transport
The profile of the hydrophobic barrier of the lens lipid
membrane presented in Fig. 4B has many similarities with the
profile of the oxygen transport parameter (the product of local
concentration and local diffusion coefficient) presented in Fig.
4A. The increase in oxygen transport parallels the increase in
hydrophobicity, i.e., a decrease in water penetration. Therefore,the profile for the transport of small hydrophobic molecules is
completely opposite of that for water penetration. We should
indicate here that the hydrophobicity in the membrane is largely
determined by the extent of water penetration into the mem-
brane [93].
The striking similarity between the profile of the oxygen
transport parameter and the profile of hydrophobicity in the lens
lipid membrane (see Fig. 4) suggests the possibility of lateral
transport of molecular oxygen and other small non-polar
molecules along the inner core region of the membrane (parallel
to the membrane surface), which is referred to as “hydrophobic
channeling.” For example, Skulachev [94] noted the possibility
of lateral transport of small hydrophobic molecules along the
filamentous extended network of mitochondria.
To better illustrate the phenomenon of hydrophobic channel-
ing, we constructed Fig. 5, in which we displayed the
temperature dependence of the oxygen permeability coefficient
across the membrane region where the major resistance to
oxygen permeation is located (from the membrane surface to the
depth of the ninth carbon), and for the membrane center, where
oxygen transport is enhanced (between tenth carbons in each
leaflet). To compare permeability properties of the certain
membrane region with those of water, we displayed these data as
a ratio of oxygen permeability across the appropriate membrane
region (P′M(EPR)) to that across the water layer of the same
thickness (P′W(EPR)). We observed that the centers of the
cholesterol-containing membranes (both lens lipid and POPC/
Chol membranes) can serve as channels for oxygen transport
Table 1
Activation energy for the translational diffusion of molecular oxygen in
investigated membranes calculated at different depths in the membrane for the
temperature region 15 to 45 °C a
Activation energy (kcal/mol)
T-PC 5-PC 7-PC 9-sasl 10-PC 12-PC 14-PC 16-PC
Lens lipids 6.5 9.3 6.8 8.0 4.6 4.1 4.5 3.1
POPC/Chol 6.0 6.0 7.3 7.0 4.3 4.1 4.3 3.4
POPC 5 6.2 5.6 nd b 5.4 4.6 ndb 4.6
a Since the overall oxygen concentration in the fluid phase membrane (above
the phase-transition temperature) is practically independent of temperature
[84,85], and the shape of the membrane profiles of W(x) is practically
independent of temperature in the fluid phase [9,10,55,57], the temperature-
dependence of W(x) can be attributed to the translational diffusion rate of
molecular oxygen in the membrane. Since the Arhenius plots of the oxygen
transport parameter (the plots of logW(x) vs. reciprocal temperature) show linear
dependence on the reciprocal temperature between 15 °C and 45 °C for all spin
labels (data not shown), the activation energies for oxygen translational
diffusion in the investigated membranes were evaluated from the slopes. For
more details, see Ref. [10].
b nd=not determined.
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from these channels, oxygen has to cross high barriers with low
oxygen permeability existing at both sides of the membrane. In
pure POPC membranes, oxygen transport is facilitated in all
membrane regions, as compared with oxygen transport in water.
Additionally, the activation energy for oxygen translational
diffusion in the lens lipid membrane (and the POPC/Chol
membrane) is significantly greater in the region where the
rigidity barrier is located than that in the membrane center (see
Table 1). It is interesting to note that the activation energy in and
near the polar headgroup region (T-PC, 5-, 7-PC, 9-SASL
positions) in these two membranes is greater than that in the
pure POPC bilayer; while in the membrane center (10-, 12-, 14-,
16-PC positions), the activation energy in lens lipid and POPC/
Chol membranes is smaller than that in the pure POPC
membrane. This supports our hypothesis that in the lens lipid
membrane a high cholesterol content is responsible for creating
hydrophobic channels for oxygen transport parallel to the
membrane surface, and at the same time a high cholesterol
content is responsible for creating the rigidity barrier to oxygen
transport across the membrane.
4. Final discussion
The oxygen permeability coefficient across the membrane
depends onmembrane constituents. As shown here and in earlier
papers [9,10], cholesterol at high concentration decreases the
value of PM of model membranes three- to five-fold. It is
accepted that cholesterol is especially abundant in the plasma
membrane of fiber cells. The survey of the literature ensures that
in a calf (bovine) eye the lipid bilayer portion of the fiber cell
membrane is saturated with cholesterol and the cholesterol-to-
phospholipid mole ratio is close to one [13,14,18,20,21,95,96].
In a human eye, the cholesterol level in fiber cell plasma
membranes is extremely high, showing cholesterol-to-phospho-
lipid mole ratios from 1 to 2 in the cortex of the lens, to as high as
3 to 4 in the lens nucleus [13,14], and indicating that duringaging the cholesterol-to-phospholipid mole ratio increases [97].
It should be mentioned here that at an elevated concentration,
cholesterol forms immiscible cholesterol crystalline domains
within the lipid bilayer [98]. These domains were also observed
within the plasma membrane of fiber cells from the human eye,
where they are essential for normal functioning of the eye and
maintaining lens transparency to visible light [99–102]. It
should be noted here that in membranes overloaded with
cholesterol the remaining phospholipid domain should be
saturated with cholesterol (with a cholesterol-to-phospholipid
mole ratio close to one) and form a liquid ordered-like phase.
Thus, the entire membrane (outside the cholesterol crystalline
domain) should be organized as in the raft domain (see ref.
[103]). In the lens nucleus of the human eye, the cholesterol
crystalline domain can occupy more than 50% of the surface of
the lipid bilayer portion of the fiber cell membrane. Thus, this
domain should, to a significant extent, determine membrane
permeation property. However, to the best of our knowledge, no
data exist on oxygen permeability of cholesterol crystalline
domain. We can only infer, based on the close packing of the
rigid steroid rings in this bilayer, that this membrane can form a
significant barrier to oxygen transport. This, however, has to be
proved. The most abundant phospholipid in the human lens is
dihydrosphingomyelin (∼50%), which only represents ∼5% in
the calf lens membrane [19,26,104]. The strong cholesterol–
sphingolipid interaction, as well as the strong dihydrosphingo-
myelin–dihydrosphingomyelin interaction [104], should
decrease oxygen permeability in the human lens as compared
with the calf lens. An even more complex situation should exist
in the native human lens where intracellular membrane surface is
expected to be associated with α-crystallin, which has been
shown to exclude water [105–107]. For these membranes, it is
likely that the lipid membrane head group region has less free
water in vivo than in model systems in vitro. However, we will
refrain from further discussion of these complicated systems
until we obtain more substantial data about oxygen transport
within the membrane in the presence of these new components.
The spin-label oximetry allows evaluation of the oxygen
permeability coefficient only in the lipid-bilayer portion of
model and biological membranes. Because of this, the overall
(average) membrane permeability should be further corrected
for the presence of integral membrane proteins. Protein content
in the membrane can affect oxygen permeability in two ways.
First, integral membrane proteins are practically impermeable to
oxygen [108,109]. Because of this property, the oxygen per-
meability coefficient evaluated for the lipid bilayer portion of the
membrane should be decreased by a factor proportional to the
surface area of its lipid bilayer portion divided by the surface
area of the entire membrane. Second, integral membrane pro-
teins affect the oxygen permeability of the lipid bilayer itself
mainly by the presence of the boundary regions around integral
proteins and by creating protein-rich domains with trapped lipids
[11] and/or cholesterol-rich raft domains stabilized by the
presence of clustered proteins [12]. For example, in the re-
constituted membranes of dimyristoylphosphatidylcholine
(DMPC) and bacteriorhodopsin (BR) with a DMPC/BR mole
ratio of 80 (BR molecules are monomers in this membrane), the
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compared with the pure DMPC bilayer [11]. PM in the slow
oxygen transport domain, with lipid molecules trapped between
aggregates of proteins, is smaller by factors of 3–8 compared
with that in the pure phospholipids bilayer [11]. In the
cholesterol-rich raft domain of the influenza viral membrane,
oxygen transport decreased by a factor of 16 compared to bulk
lipids [12]. These studies, however, introduce another level of
complication.
The next step in creating a more accurate model of fiber cell
plasma membranes is the introduction of integral membrane
proteins into membranes made from the lipid extract from the
fiber cell membranes. The protein content in the fiber cell plasma
membrane is rather high. The values reported in the literature for
protein-to-lipid ratio (w/w) lie between 1.9 and 2.9 for normal
human lens membranes [22] and ∼1.5 for calf lens membranes
[20,21]. These values are higher than the typical protein-to-lipid
ratios in mammalian cell plasma membranes of 0.4–1.5 but
lower than values of ∼3.0 reported for protein-rich membranes
(halobacterium purple membrane or mitochondrial inner
membrane). It is estimated that in the native lens membrane
more than 50% of lipid molecules are in contact with intrinsic
proteins, which should significantly decrease the oxygen
permeation through the lipid-bilayer portion of the membrane.
This discussion allows us to conclude that with all of the
corrections mentioned above the oxygen permeability coeffi-
cient across the native fiber cell plasma membrane should be
significantly lower than our evaluation, which shows the upper
limit of this coefficient.
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